I. INTRODUCTION
With the development and the application requirements of a high power microwave device, the increase in the operating frequency and power handling capacity becomes one of the most significant objectives of HPM technology. [1] [2] [3] Meanwhile, millimeter high power microwave devices have important applications in both civil and military fields such as satellite communication, remote sensing, and directional transmission of electromagnetic energy. Thus, many breakthroughs have been made in millimeter high power microwave devices. [4] [5] [6] As the operation frequency of HPM devices increases, two problems become distinct. First, the size of the traditional singlemode devices generally decreases with the operation wavelength, which causes low power handling capacity and restricts high frequency development. Second, the decrease in size also causes a density increase of electron beams, which further increases the instability of electron beams and influences the beam-wave interaction. Therefore, high order operation modes and oversized structures are used to increase the power handling capacity of HPM devices. [7] [8] [9] As one of the main millimeter wave devices, the Cerenkov-type device usually operates in the fundamental surface wave. In order to increase the power handling capacity and improve the beamwave interaction, a novel oversized oscillator operating in highorder mode is proposed in this paper. The position with a maximum longitudinal electric field of the TM 02 mode in the slow wave structure is near the middle of the electron beam tunnel. It means that the SWS is applicable in a coaxial transittime oscillator (TTO) in which the position with maximum longitudinal electric field is designed to coincide with the electron beam.
The analysis of field distribution and dispersion is an important research subject and serves as a guideline for device design. Generally, considering the excitation of operation modes, the corrugation on the surface of conductors is deep in coaxial oversized devices. 10 In this case, the Rayleigh hypothesis is not satisfied, so the derivation of dispersion characteristics of SWS with deep corrugation is not accurate using traditional methods such as the Floquet harmonic expansion method (FHE). [11] [12] [13] As the operation mode is the TM 0n mode, the azimuthally asymmetric mode is neglected in theoretical analysis. In this paper, the dispersion relation of SWS with deep corrugation is derived by the mode matching method (MMM), which is applicable in the arbitrary depth of corrugation. The field distribution and coupling impedance of the slow wave structure is further analyzed. The theoretical results are verified by simulation software.
The arrangement of this paper is as follows: In Sec. II, the advantages of the oscillator with deep corrugation, operating on high-order mode, are analyzed. The fundamental derivation of the dispersion relation, field distribution, and corresponding numerical analysis are presented in Sec. III. In Sec. IV, some expanded applications of the SWS with deep corrugation are presented. Finally, a summary and conclusion are given in Sec. V.
II. CHARACTERISTICS OF OVERSIZED AND OVERMODED DEVICE
The slow wave structure we presented is used in a V-band coaxial oversized high power microwave oscillator. The schematic diagram is shown in Fig. 1 . The oscillator consists of a cathode, a pre-modulation cavity, a modulation cavity, and an output structure. The pre-modulation cavity is applied to enhance the modulation of the electron beam and to prevent the leakage of the TEM mode, both the modulation cavity and the output structure are deeply corrugated. To increase coupling impedance, the electron beam is in the middle of the electron tunnel, where the longitudinal electric field reaches the maximum in the radial direction.
In general, overmoded and oversized structure has the characteristics of high power handling capacity and wide electron beam tunnel. The analysis is as follows.
A. Power handling capacity
One characteristic of SWS with deep corrugation is that its field distribution of high order mode is similar to that of lower order mode in SWS with shallow corrugation along the electron beam tunnel. Besides, the power handling capacity of SWS with deep corrugation operating in high order modes are higher than that of SWS with shallow corrugation operating in fundamental mode. Hence, we can increase the power handling capacity of the SWS by simply deepening the corrugation of the periodic structure. Figure 2 shows the field distribution of TM 01 in SWS with shallow corrugation and TM 02 in SWS with deep corrugation with the same injection power. Compared with SWS with shallow corrugation, the space and power handling capacity is larger in SWS with deep corrugation operating in TM 02 mode. With the same injection power, the maximum surface electric field of SWS operating in TM 02 mode is less than that of SWS operating in TM 01 mode. As a significant parameter in the Cherenkov device, which represents the intensity of the beam-wave interaction, the coupling impedance is mainly determined by the tangential electric field distribution. 2 By deepening the corrugation in the outer conductor of TM 01 SWS [ Fig. 2(a) ], the tangential electric field distribution of TM 02 SWS [ Fig. 2(b) ] is almost the same as that of the TM 01 cavity. Therefore, by deepening the corrugation of the SWS, the device can operate in higher order mode with higher power handling capacity.
B. Volume wave characteristics
Generally, the size of the device decreases as the operation frequency increases. In the high frequency range, the beam tunnel is narrow, so the electron beam is easy to reach the surface of SWS. However, in order to ensure the efficient beam-wave interaction, the mean radius of the electron beam is equal to the position of the maximum Ez along the radial direction. This requires that the maximum point of Ez be as far away from the surface of conductors as possible.
The field distribution in the SWS with deep corrugation and shallow corrugation is simulated by CST STUDIO SUITE. Both are coaxial structures with the same operation mode. The schematic of these two structures are shown in Fig. 3 , where ra and r b are maximum and minimum radii of corrugation of the outer conductor, and rc and r d are the maximum and minimum radii of corrugation of the inner conductor. We can adjust the outer conductor parameters of the SWS with deep corrugation to equalize the operation frequency and the phase propagation constants of TM 02 mode in the SWS with deep corrugation with those of TM 01 mode in the SWS with shallow corrugation. The Ez distribution along the radial direction in the SWS when the corrugation depth (ra-r b ) is 1.0 mm (shallow corrugation) and 3.0 mm (deep corrugation) is shown in Fig. 4 , the mode of these two SWS are both 8π/9 mode with the same eigen frequency. Compared with SWS with low corrugation, the position of the maximum axial electric field along the radial direction of TM 02 mode in SWS with deep corrugation is farther from the surface of the SWS. Figure 4 shows that the electron beam should be closer to the conductor to obtain higher coupling impedance in SWS with low corrugation; hence, the SWS with deep corrugation is more applicable for working in a high frequency band.
C. Density of electron beam
The density of the electron beam is mainly determined by its mean radius. In order to avoid instability caused by high electron beam density, the radius of the electron beam ought to be increased. One characteristic of coaxial oversized device is that the operation performance changes little if the distance between inner and outer conductors remains unchanged. Therefore, we can increase the radius of the electron beam and inner and outer conductors, simultaneously, to reduce the density of the electron beam.
In axial devices, the beam-wave interaction is mainly caused by the electron beam and longitudinal electric field. Figure 5 displays the field distribution of Ez along the longitudinal direction when the radius of the electron beam is 28.0 mm and 10.0 mm, respectively. As the radius of electron beam decreases from 28.0 mm to 10.0 mm, the radii of the inner and outer conductors are also decreased by 10.0 mm accordingly. Figure 5 shows that the field distribution of Ez along the longitudinal direction hardly changes as the radius of inner and outer conductors increases simultaneously. The density of the electron beam decreased as the radius of electron beam increased, so the electron beam instability can be suppressed.
The overmoded and oversized structure can provide higher power handling capacity and suppress the electron beam instability; hence, it has dramatic application prospects in high frequency HPM. However, rare research reports the theoretical analysis of coaxial SWS with deep corrugation, and the Floquet harmonic expansion method is not suitable under this condition as the Rayleigh hypothesis is not satisfied. By applying the field matching method, the field distribution and dispersion relation can be solved theoretically.
III. ANALYSIS OF DISPERSION CHARACTERISTICS AND FIELD DISTRIBUTION
As mentioned in Sec. II, the high order mode SWS with deep corrugation has both high power handling capacity and wide electron beam tunnel, but the derivation of dispersion relations and field distributions is not accurate with the general method. Generally, the dispersion relations of a SWS is analyzed by the Fourier expansion method 13 and the Floquet harmonic expansion method, 14 which are limited by the validity range of Rayleigh hypothesis. However, the corrugation of the outer conductor of the extraction cavity is deep, in which case the Rayleigh hypothesis is not satisfied, so these two methods are not suitable for the analysis of dispersion relation of the extraction cavity. Hence, the dispersion relation of the SWS with deep corrugation is analyzed by the mode matching method. It is important to note that the operation mode of the device is usually TEM mode or TM 0n mode because of its azimuthally symmetric structure and uniform annular electron beam; hence, azimuthally asymmetric modes are neglected to simplify the deduction process.
A. Dispersion relations
The SWS with deep corrugation is divided into three regions to apply the mode matching method. All the regions are shown in Fig. 6 . Region I is the coaxial uniform waveguide region; region II and region III are the radial line regions. ra, r b , rc, and r d are the radial parameters of corrugation, p is the period of the corrugation, and p 1 is the width of the corrugation.
As the operation mode is TM 0n mode, we only consider the field distribution of the TM 0n mode. The field distribution of the TM 0n mode can be described as
The Borgnis potential function U(r, z) is different in these three regions. In region I, the function U is where
In Eq. (3), J 0 is the zero order Bessel function, I 0 is the first kind zeroorder modified Bessel function, N 0 is the zero order Neumann function, and K 0 is the second kind zero-order modified Bessel function, and βn is the phase propagation constants of the nth harmonic. Region II is the radial line region. Since the field of region II is the standing wave, the U function in region II is
where z ′ is the longitudinal coordinate in the coordination of different periods of the slow wave structure. Er = 0 when z ′ = −p 1 /2 and z ′ = p 1 /2, which means
Besides, Er = 0 when r = ra, so we have Pmf 2m (ra) + Qmg 2m (ra) = 0.
Therefore, the U II has the form
where
Similarly, U III in region III can be described as
. (10) As the U function of regions I, II, and III is obtained, the field distribution in these regions can be derived. In region I, we have
and in region II, we have
Similarly, in region III, we have
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As Ez and H ϕ are continuous at r = r b and r = rc, four equations are obtained. The first two equations are from the continuity of Ez, and the last two equations are from the continuity of H ϕ . As the fields at the boundaries of the adjacent regions are continuous, the integrals of the fields are also continuous. Therefore, we multiply both sides of these equations with exp(iβnz) and integrate them over
and
Equations (14) and (15) are infinite order linear equations. To ensure that the equations have nonzero solutions, the coefficient determinant should be zero. As q, n, m, and s are finite in numerical calculations, the accuracy of the solution is determined by these four parameters. Besides, every element in the coefficient matrix involves the calculation of ImnI ′ mq , which is calculated as follows:
As e iβ n z and e iβ n z are functions with a period of p and z ′ = z − Np, z can be replaced by z ′ in Eq. (26), we have
× (cos βnz ′ + i sin βnz ′ )dz ′ , 
and when m is even, the result is
Now every element in the coefficient matrix can be expressed analytically, and the dispersion relation of the slow wave structure is obtained. For comparison, the Floquet harmonic expansion method is also applicable to calculate the dispersion relation of TEM and TM 0n mode in coaxial periodic SWS, but the numerical precision obviously depends on the depth of corrugation. The reason is that the field in the whole area of SWS is considered as superposition of harmonic components, and the dispersion relation is derived by boundary conditions. For instance, in coaxial SWS, the field is expressed as
The difference is that this is only the expression of field in the coaxial uniform waveguide region in the mode matching method (MMM). The Rayleigh hypothesis (h/p < 0.0713, where h is the depth of corrugation and p is the period length of SWS) is not satisfied. Figures 7 and 8 demonstrate the dispersion curve calculated by the Floquet harmonic expansion method (FHE), mode matching method (MMM), and simulation software CST. Figure 7 represents the dispersion curve of the slow wave structure with shallow corrugation (Rayleigh hypothesis satisfied), and Fig. 8 embodies the dispersion curve of the slow wave structure with deep corrugation (Rayleigh hypothesis dissatisfied). In these two figures, the marker points are the simulation results of CST, the solid line is the calculation results by the mode matching method, and the dashed line is the calculation results by the Floquet harmonic expansion method. Figures 7 and 8 indicate that the simulation results of CST are closer to the calculation results of the mode matching method than those of the Floquet harmonic expansion method, especially for TM 02 mode, when the corrugation of the slow wave structure is deep. Therefore, for the calculation of dispersion relations of the slow wave structure with rectangular corrugation, the mode matching method is more accurate than the Floquet harmonic expansion method, especially when the corrugation is deep. The analysis of dispersion relation is applicable for azimuthally symmetric mode, whether Rayleigh hypothesis is satisfied or not.
B. Field distributions
As the dispersion relation of the SWS is obtained, we can derive the numerical relation between An, Bn, Cm, and Ds of a certain mode by Eqs. (14) and (15), so the field distribution in the SWS can be obtained. For instance, the field distribution of TM 01 mode and TM 02 mode in deep corrugation SWS is shown in Figs. 9 and 10. The Ez distribution of TM 02 mode along the radial and axial directions is calculated by the theoretical method and numerical simulation, and the results are shown in Figs. 11 and 12 .
Coupling impedance is a significant parameter in the Cherenkov device, which represents the effectiveness of beam-wave interaction. The coupling impedance of the nth harmonic Kn is calculated by the formula phase propagation constant of the nth harmonic, which is defined by βn = β 0 + 2nπ/p, and P is the longitudinal power in the SWS. In Sec. III, the longitudinal power flux can be obtained by multiplying Er and H ϕ , and the Ez of the nth harmonic is
The Ez of the nth harmonic can also be derived by the Fourier decomposition method. The coupling impedance vs the phase propagation constants is presented in Fig. 13.   FIG. 15 . Field distribution of the TM 03 mode in the slow wave structure with deep corrugation.
